A Neel Effect® current sensor featuring a double toroidal core is proposed. The measurement relies on the application of a harmonic excitation to the magnetic core and on the sensing of the magnetic flux density variations in the presence of a current to measure. The principle of a device designed so as to perform both those operations by means of the same winding is presented and validated experimentally. The measurement of DC currents is carried out over the [-200 A 200 A] range under different excitation conditions.
Introduction: There exist many current sensor technologies such as shunt, Hall current sensors, fluxgates, current transformers, Rogowski coils etc. [1, 2] . They differentiate from each other by their ability to measure AC or DC signals and by their performances in terms of dynamic range, sensitivity, accuracy, size, flexibility, cost etc. Neel Effect current sensors which have recently been proposed [3, 4] , rely on a principle almost similar to that of a fluxgate. Their originality lies in the characteristics of the magnetic transducer, the non linearity behavior without saturation of which enables the measurement of high currents to be performed. Sensors based on the Neel Effect principle are being developed using superparamagnetic (SPM) nanostructured materials. Thus, Neel Effect sensors belong to the magnetic field sensors category. On the one hand, a harmonic magnetic field excitation is applied to the transducer via a winding fed by a sinusoidal current and on the other hand, the electromotive force (EMF) due to the magnetic flux density variations is sensed, also by a winding. In the presence of a current to measure, assumed to be continuous or slowly variable with respect to the excitation, a magnetic bias point is superposed to the magnetic excitation of the magnetic core, which results in a modification of the sensed EMF. The measurement of the EMF, and in particular that of the component at the second order harmonic of the excitation frequency, enables the current to be determined [4] . Furthermore, it is to be noted that the core of the sensor being a plastic matrix loaded with superparamagnetic particles, flexible and consequently easy to install devices can be designed. In addition, SPM materials being completely remanence free, this avoids the problems of magnetic offset which sensors implementing ferromagnetic materials such as Hall probes are confronted with [2] . In this letter we present a Neel Effect current sensor featuring a double toroidal core and a winding performing both the excitation and the sensing operations.
Sensor topology: The considered sensor ( Fig. 1 ) is made up of two SPM cores which both feature a homogeneous winding. Those windings are wound in opposite directions and connected in series. The resulting coil is used for both the excitation of the SPM material and for the measurement of the current Im crossing the primary conductor surrounded by the cores. The excitation current is applied via two sinusoidal voltages sources at the same frequency fex and featuring the same amplitude but opposite signs (denoted v(t) in Fig. 1 ) applied at both ends of the coil. With regards to the measurement of the EMF due to enable the determination of Im, it is measured at the middle M of the winding.
Analytical model: An analytical model for Neel Effect sensors has been developed in [4] . According to this model and assuming that the magnetic flux density is homogeneous on the surface of the windings, the EMF sensed by a torus reads:
) (1) where i{1,2} denotes the considered torus, where is the magnetic permeability in a vacuum, is the relative magnetic permeability of the SPM material, is the amplitude of the excitation magnetic field, is the amplitude of the magnetic field created by the current to measure Im, S is the surface of the cross section of the windings, N is the number of turns on a torus and is the angular excitation frequency.
Fig. 1 Neel Effect sensor topology implementing two cores featuring homogeneous windings wound in opposite directions and connected in series.
Considering the current and voltage notation conventions used in Fig. 2 , one has for the sensor output signal (2) feature components at and at . According to (1), their amplitudes are proportional to and , which are the first and the second derivatives of the magnetization curve of the SPM material at the point Hm respectively.
Since
is an even and an odd function [4], given the sensed magnetic field components directions (Fig. 1) , the components of at cancel each other out and the sensed signal is
Since this signal is proportional to which is an odd function monotonous over a large range, the sensor topology lets the measurement of high currents without sign ambiguity to be envisaged (the latter range could be in the order of tens, hundreds or thousands of Amps, depending on the used SPM material). Moreover, the fact that the sensor topology enables the cancellation of the first harmonic component makes the detection of the second harmonic component easier. Indeed the amplitude of the latter component is much smaller than that of the first one. Fig. 2 provides with the amplitude of the EMF component at the second harmonic of the excitation frequency, the latter being fixed at 10 kHz. As expected [4] the measured signal follows an odd function, the amplitude of which increases as Iex increases. In Fig. 3 , measurements performed at different excitation frequencies for Iex (rms) fixed at 60 mA are reported, which show than the measured signal increases with the frequency which is consistent with theory. The sensor that was used enables currents to be measured over the [-150 A 150 A] range as the characteristic is monotonous over this range. Note: Neel Effect is a trade mark and a patented technology that belongs to Neelogy SA.
